Introduction
Substance abuse, defined here as the maladaptive and nonmedical use of psychoactive substances, is linked to numerous mental and physical health problems, including disturbed sleep. Many substances of abuse have acute deleterious consequences on sleep, consequences that may be maintained or expanded upon during chronic use, and further exacerbated during withdrawal. Likewise, sleep disturbances may well lead to substance abuse.
In parallel, a substantive literature has documented associations between substance use and disruptions of circadian rhythms, the 24-h biological rhythms present in many if not most physiological processes, including the sleep/wake cycle. Furthermore, accumulating evidence from animal models supports strong links between appetitive processes and various circadian genes. Much of this emerging literature suggests bidirectional effects; that is, substance abuse results in circadian disturbance, and circadian disturbance leads to increased substance use and greater potential for abuse and/or dependence.
In this article, we will review what is known about how sleep and circadian rhythms are respectively linked to substance abuse, focusing most closely on those studies that have implications for how circadian rhythms and sleep may be intertwined, whether as predictors or consequences of substance abuse. We will emphasize human research, but will integrate the animal literature that supports the mechanisms underlying the human findings. Based on the current evidence, we will suggest clinical guidelines for assessment and treatment of patients who have some combination of substance abuse and sleep and/or circadian disturbance.
Substance abuse and sleep
There is "a convincing link between substance abuse and sleep problems".
1 For example, one study found that patients presenting to a medical clinic seeking treatment for sleep complaints were more likely to have problems with drug and/or alcohol use as compared to those without sleep complaints. 2 Sleep disturbance, particularly insomnia, is associated with various co-morbid conditions including substance use disorders. 3 Because there are excellent reviews on the impact of substance use and its disorders on sleep, 1,4,5 only a brief summary is included below.
The acute effects of substance use on sleep largely depend upon the substance in question. Stimulants such as cocaine and amphetamine cause light, restless, and disrupted sleep. 5 Drugs from other classes, such as depressants (e.g., benzodiazepines, alcohol) and opiates (e.g., heroin) initially produce soporific effects, including increased daytime sleepiness and reduced sleep latency, but cause sleep disruptions later in the night (e.g., increased night awakenings) due to acute withdrawal effects. 1, 5, 6 Chronic use of substances can further impact sleep quality and quantity. Unlike acute effects which may be dependent on the specific substance, the effects of chronic substance use on mood and other psychiatric symptoms are similar across different substances. 7 Sleep-related outcomes of chronic substance use are also broadly similar across substances and include extended sleeponset latency (SOL), reduced total sleep time (TST), more nighttime awakenings, and decreased slow-wave sleep (SWS) and rapid eye movement (REM) sleep. Substance-specific effects of chronic use have been documented as well, such as different temporal patterns of TST and REM changes during the course of withdrawal from alcohol versus stimulants.
5,8
Withdrawing or abstaining from substance use has its own unique impact on sleep parameters, which may be dependent on the duration of abstinence. Sleep disturbance tends to be associated with acute withdrawal from any substance, as evidenced by extended SOL, reduced TST, and reduced SWS. 5, 6 In addition, REM sleep often shows a rebound effect during abstinence. 6 As the period of abstinence is extended, sleep patterns tend to return to baseline. There is evidence, however, that some sleep characteristics (e.g., REM sleep disturbances) persist well into abstinence. 5, 6 Contrary to subjective reports of improvements in sleep quality with sustained abstinence from cocaine, polysomnographic sleep variables in cocaine-dependent participants show continued disruptions over 3 weeks of abstinence as indicated by increased SOL and decreased TST, SWS, and REM sleep. 9 A recent polysomnographic study of heavy marijuana users showed that across two weeks of abstinence, participants showed increases in wake time after sleep onset (WASO) and decreases in TST, sleep efficiency and REM sleep. 10 The persistent sleep disturbances observed in these populations may be a risk factor for relapse to substance use. 6, 9, 10 Although extensive research supports the existence of a relationship between substance use and sleep disturbances, few longitudinal or prospective studies have been done to clarify the specific causal relationship(s) between the two. Preliminary unmask the endogenous rhythmicity of physiological and psychological processes in humans. Participants are kept awake in a semi-recumbent position under constant light conditions, with meals, assessments, and other stimuli delivered at equal time intervals, typically for 24e48 h. Core body temperature (CBT) A robust physiological output of the human circadian pacemaker, albeit one masked by activity, sleep, and posture. Under normally entrained conditions, the CBT minimum occurs a few hours before waking. Dim light melatonin onset (DLMO) A commonly-used human circadian phase marker based on the abrupt rise in melatonin that normally occurs in the evening. Given that light suppresses melatonin secretion, the DLMO is so-named because it must be collected in dim light conditions (typically <30 lux). pacemaker. Known as a "hormone of darkness", it is secreted into the blood by the pineal gland at night under normal conditions, with peak levels in the middle of the night and low levels throughout the day. It is suppressed by light, but is otherwise less influenced by masking effects such as activity than is CBT. Phase angle The temporal interval between a circadian phase marker (e.g., DLMO) and the timing of sleep (e.g., sleep offset), or in the case of the phase angle of entrainment, between a circadian marker and the timing of light exposure. Phase-response curve A graph illustrating the relationship between a zeitgeber and its influence on the circadian clock. The curve specifies the extent to which the circadian clock will advance (shift earlier) or delay (shift later) in response to a particular zeitgeber (e.g., light) at different circadian phases across the 24-h cycle.
evidence suggests that the pathways are bidirectional in that substance use may directly cause sleep disturbances and sleep disturbance may be a risk factor for relapse to substance use (if not for initiation of use).
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Sleep and circadian rhythms
The substance use-sleep and the substance use-circadian rhythms literatures have largely developed independently of one another, with few studies considering all three factors. This segmentation has the unfortunate effect of delaying progress on understanding the mechanisms that link substance abuse, sleep, and circadian rhythms.
Sleep and circadian rhythms are bi-directionally linked, with substantial overlap and integration of their underlying neurobiological mechanisms, 11 and thus it is critical to consider both in attempts to understand the pathways leading to and from substance abuse. Sleep timing and consolidation are partially governed by the central circadian clock, located in the suprachiasmatic nucleus (SCN) of the hypothalamus. Sleep propensity is a function of the complex interaction between two oscillators: a circadian signal for wakefulness that is tuned to the 24-h light/dark cycle, and a homeostatic drive for sleep that increases with continued wakefulness. 12, 13 Likewise, the selection of a sleep schedule, which dictates exposure to light, impacts the circadian timing of a host of processes subject to circadian regulation. Given that the timing of sleep is dependent upon circadian regulation, it is plausible that the association between sleep disturbance and substance abuse is partly mediated by circadian pathways, or that the link between circadian disruption and substance abuse is due in part to disturbed sleep. Indeed, limited evidence supports this possibility, although the literature also points to pathways that are multifactorial and complex. Even so, keeping the intersecting regulation of sleep and circadian rhythms in mind is critical when considering the evidence reviewed below.
Substance abuse and circadian rhythms
Despite the considerable attention paid to the relationship between substance abuse and disturbed sleep, few studies have addressed whether concomitant disturbed circadian rhythms are present. This is unfortunate, given that circadian disruption is often inherent to sleep disturbance, and that the circadian clock not only regulates the sleepewake cycle, but is also implicated in many other behavioral and physiological processes relevant to substance abuse (e.g., mood and cognition). 14, 15 The neglect of circadian factors may be due in part to considering sleep-timing issues to be primarily the consequence of lifestyle factors (e.g., erratic schedules and all-night drug binges). In at least one study, the investigators explicitly disregarded circadian timing issues, explaining that "sleeping at inappropriate times appears to be a disturbance in circadian rhythms associated with the nocturnal lifestyle of addicts in general," implying that such a measure was less likely to be a consequence of drug use per se. 16 Interestingly, the same investigators noted that their sample tended to have delayed sleep times, although they did not report the actual data. Even if it is lifestyle factors, rather than drug abuse per se, that lead to delayed timing, these forces still may be critically contributing to a vicious cycle of circadian disruption, sleep disturbance, and substance abuse. A common assumption in the literature is that chronic drug users have disturbed circadian rhythms, although direct evidence of this remains sparse. Anecdotal reports describe irregular sleep/wake timing, often with late bedtimes or even reversed schedules due to "all-nighter" drug binges. Indeed, cross-sectional evidence across age groups bears this out. In a Finnish study of adolescents, irregular sleep schedules and daytime sleepiness together accounted for 26% of the variance in substance use in 15-year-old boys (12% in girls). 17 Likewise, a majority (63%) of adult psychiatric inpatients reported irregular sleep schedules prior to admission, and this irregularity was significantly more common in those inpatients also reporting high levels of illicit drug and alcohol abuse. 18 In addition to this cross-sectional evidence, a prospective study of 63 adult recovering alcoholics (abstinent 15.7 AE 20.2 months) reported highly irregular sleep schedules, with wake time varying an average 218 min (SD ¼ 84.2 min, range ¼ 45e690 min) across a week. 19 Moreover, the alcoholics in this study were more prone to sleep-onset insomnia than sleep-maintenance insomnia, suggesting a tendency toward delayed phase. The image of drug abusers as night owls has some support. Crossculturally, and across adolescents and adult samples, self-reported eveningness is associated with later circadian phase, 23 later and more irregular sleep schedules, as well greater substance use and dependence across substance types, including alcohol, marijuana, nicotine, and caffeine. 20e25 This increased substance use and sleep instability among evening-types may be a consequence of a mismatch between biological timing and societal demands. 26 In contrast, among a sample of adults with bipolar disorder, those patients with a co-morbid alcohol abuse disorder were more of the morning-type than those with bipolar disorder alone, even after controlling for age, sex, education, psychotropic medication, smoking, and body mass index. 27 Because individuals with bipolar disorder without co-morbid alcohol abuse tend to be eveningtypes, 27e29 the authors hypothesized that prolonged alcohol misuse could lead to a shift toward a morningness-preference. Following this logic, the change in preference could occur through eventual acclimation to the early morning awakening that can result after alcohol intake, or through more direct effects of chronic alcohol abuse on the circadian system.
Direct evidence concerning substance abuse and circadian rhythms
By far, the largest literature concerning the relationship between circadian rhythms and substances of abuse in humans has focused on alcohol. Because substances of abuse broadly impact the same neural circuits, but also show important mechanistic differences, it is important to remember that the respective interactions of various substances with the circadian system will likely vary as well. Time-of-day effects of alcohol impact a range of sleep and circadian-related processes, although it remains unclear whether these effects are occurring at the level of the central clock in humans. Substance use can indirectly affect the clock, as most or all of the known zeitgebers (time-givers) for the central clockdthe timing of light exposure, meals, exercise, and social activities 30 dare likely to be impacted during acute or chronic substance use. Furthermore, few of these studies have addressed what effects, if any, these changes have on sleep. Likewise, in contrast to reports that sleep disturbance increases the risk of relapse for substance abuse or dependence, almost no published human studies address whether persistent circadian disruption affects substance use.
Does acute substance use influence circadian rhythms? (Table 1) Investigations of acute circadian effects of alcohol administered to healthy individuals have produced mixed findings, with most reporting changes in the amplitude of melatonin and core body temperature (CBT) rhythms. As noted by Rupp and colleagues, 31 interpretation of many of these studies is confounded by uncertainty regarding the circadian phase of alcohol administration (in part due to a lack of controlled sleep-wake history), questionable control of light exposure during the study, small samples, and Water was administered at same time points in Experiment C. Serum samples collected every 2 h from 1800 to 0800. Collected urine from 2200 to 0700 for urinary melatonin excretion. For Experiments AeC: Lux 280e430 until 2300 when participants sent to bed. A 25W red light was used from 2300 to 0700.
Only higher alcohol dose (Exp B) was associated with lower serum melatonin levels: 20% reduction in total melatonin secretion relative to control group (Exp C).
No differences in urinary melatonin levels.
High light levels before 2300; unreported light 2300e0700 (although red light likely to exert minimal suppression). Sleep/wake schedule prior to study was not controlled and light exposure history was unknown. Small sample sizes and between-group comparison.
negligence of potential sex differences. Controlling for the circadian phase of administration is critical because of evidence that alcohol's effects on other sleep-related measures (e.g., sedation) are based on time-of-day of administration. 32 Similarly, controlled light exposure through the protocol is critical because even moderate indoor lighting (<200 lux) can markedly suppress melatonin levels depending on light exposure history and the wavelength of light. 33, 34 Rupp and colleagues 31 attempted to address these methodological concerns in their investigation of 29 healthy young adults, who underwent both placebo and alcohol laboratory study nights that were counterbalanced and separated by 5e7 nights on a habitual schedule at home. During a 30-min session ending 1 h prior to bedtime, and controlling for individual circadian phase, participants imbibed either a placebo or alcoholic beverage (0.54 and 0.48 g/kg for men and women respectively) with a target breath alcohol content (BrAC) of 0.05 g% (the equivalent of 2e3 standard drinks). Saliva was collected under dim light conditions (<20 lux) in order to monitor melatonin levels and to estimate circadian phase via the dim light melatonin onset (DLMO; see Glossary for definitions of circadian terminology). Alcohol administration did not result in any changes in circadian phase; however, there was evidence of suppressed (15e19% relative to placebo) melatonin secretion 2e3 h post-consumption in the alcohol condition, apparently during the elimination phase of alcohol metabolism. Effects were unrelated to sex, and did not appear to be linked to any acute effects on sleep, at least as based on a subset (eight participants) of the sample that underwent polysomnography (PSG). 35 Two earlier studies also reported a delayed and moderate suppression in melatonin levels after alcohol administration the previous afternoon or evening, although methodological differences between the studies obscure comparison. Rodjmark and colleagues 36 compared two doses of alcohol (0.34 and 0.52 g/kg), each administered to seven healthy adults at 18:00 h, 20:00 h, and 22:00 h on separate study nights. Only a 25W red light was on between bedtime (23:00 h) and rise time (07:00 h). Neither dose affected urinary melatonin levels, but the larger dose resulted in 20% lower serum melatonin levels. Somewhat larger suppression effects were reported by Ekman and colleagues, 37 who studied nine healthy young adults in a double-blind crossover design and compared alcohol doses of 0.5 and 1 g/kg to placebo. Alcohol administration between 19:00 h and 19:45 h resulted in a 41% reduction (relative to control) at midnight for both doses. Lights were lowered to less than 2 lux at the 23:00 h bedtime. The higher dose was associated with a more sustained reduction in plasma melatonin levels, continuing to show 33 and 18% reductions at the 01:00 h and 02:00 h time points, respectively. Neither dose affected urinary melatonin levels, consistent with the findings of Rodjmark and colleagues. 36 Taken together, these studies suggest that acute alcohol administration leads to moderate melatonin suppression, with a duration of effect potentially contingent on the dose. However, interpretation is challenged by two main methodological concerns in the earlier studies; first, neither study assessed or controlled for the circadian phase of alcohol administration. Second, neither study controlled pre-bedtime light levels, which may have lingering suppressive effects for more than 60 min, 38 thus confounding interpretation of the apparent suppression at the midnight and 01:00 h time points. Indeed, two other studies that maintained lower light levels throughout the assessment periods did not report any direct suppressive effects of acute administration of alcohol. Plenzler and colleagues 39 probed time-of-day effects of alcohol administration on salivary melatonin levels in a randomized, double-blind crossover design. Depending on the testing day, 10 healthy adult males received either placebo or alcohol (0. Sleep only measured via PSG on subset of sample.
All times provided in military time (e.g., 1900
23:05dadministration times intended to occur before and after the onset of melatonin secretion, respectively. Although alcohol at the earlier time resulted in greater sleepiness (Stanford sleepiness scale), neither time of administration resulted in significant changes in melatonin levels. A more recent study by Danel and Touitou 40 arguably provided the largest dose of alcohol by maintaining blood alcohol concentrations between 0.29 g and 0.78 g/l h over a full 24 h in a sample of 11 healthy adult males, but did not report evidence of any suppression in plasma melatonin levels relative to levels during a 24-h control period. Interestingly, the investigators reported that six out of the 11 participants showed evidence of a phase delay in their melatonin profiles, suggesting that individual differences may be an important determinate in the effect of alcohol on circadian parameters. Alcohol use may have acute effects on the CBT rhythm that vary according to time-of-day of administration. Danel and colleagues 41 tested nine healthy male young adults in a single-blind, randomized, crossover design in which alcohol (0.5e0.7 g/l) or placebo was administered throughout a 26-h protocol. Participants remained in bed throughout the protocol; lights were turned off and participants were permitted to sleep between 22:00 and 06:00. The alcohol condition was marked by significantly lower temperatures during the early afternoon and significantly higher temperatures during the early morning hours, relative to the placebo condition. The maximal (43%) reduction in amplitude occurred at the nadir of the CBT rhythm, with seven of nine participants showing this effect. Another study compared the effects of alcohol consumption (peak blood alcohol content of 0.10 g/100 mL) at 13:00 h and 18:00 h (sessions separated by >1 week) in eight moderate drinkers (Tables 1e3). 42 i In contrast to the previous study, these discrete administration sessions allowed detection of time-of-day effects. Indeed, only the 13:00 h session was associated with a hypothermic effect that lasted 5e9 h. However, both sessions were associated with a hyperthermic effect that was observed throughout the sleep period. Of note, this study permitted participants to go home after the first 6 h of sampling and sleep under uncontrolled conditions; a potential confound given that both sleep and activity have masking effects on CBT. 43 Two recent animal studies also support an effect of acute alcohol administration on circadian rhythms, although neither of these studies used melatonin or CBT as the output signal of circadian clock, precluding direct comparison with the human findings. Alcohol administration (60 mM solution) blocked the phase-shifting effects of glutamate but enhanced the phase-shifting effects of serotonin on the molecular clock in an in vitro preparation of the mouse SCN, suggesting complex effects of alcohol on both photic (light-induced) and non-photic (e.g., activity-induced) pathways. 44 In a follow-up study in hamsters, acute alcohol administration (doses ranged from 0.5 to 2.0 g/kg) attenuated both photic and nonphotic (serotonergic) phase advances in locomotor activity rhythms, but did not affect phase delays. 45 The attenuation of phase advances occurred whether alcohol was administered intraperitoneally or directly to the SCN via reverse microdialysis, indicating that alcohol is directly affecting the central clock. However, in the absence of a light stimulus, alcohol had no phase-shifting effects on its own, indicating that alcohol is interfering with photic and Assessed night/day ratio of melatonin secretion by collecting urine samples from 2000e0800 (night) and 0800e2000 (day) and comparing the urinary 6-SM levels.
The patients' 24-h urine melatonin levels were higher than in controls. Daytime urinary melatonin levels were also higher in patients than in controls, with a night/day ratio of w1.
Low temporal resolution of collection bins precludes assessment of relative phase. Patients had significant depressive symptoms.
All times provided in military time (e.g., 1900 ¼ 7 PM). CBT ¼ core body temperature; DLMO ¼ dim light melatonin onset; 6-SM ¼ 6-sulfatoxymelatonin.
h Doses measured in g/l are roughly equivalent to doses in g/kg.
i Details of substance use history are provided in Tables 1e3 when available. non-photic pathways, but is not a phase-shifting agent per se.
Complementing this evidence, mice with a mutation in the circadian gene Period2 (Per2) shows attenuated phase delays in response to light, elevated glutamate levels in the brain, as well as increased alcohol intake. 46, 47 Taken together, these implicate disruptions of the circadian system, and perhaps specifically the glutamatergic photic pathway, in increased alcohol abuse behavior. To summarize, the evidence is mixed on whether a moderate dose of alcohol has any acute effect on circadian rhythms, although human studies generally favor a transient suppressive effect on the melatonin rhythm. Similarly, in studies of both "healthy" (no substance use-related diagnosis) and "moderate drinker" samples, alcohol consumption led to a hypothermic effect during the daytime while showing a hyperthermic effect during the nighttime trough of the CBT rhythm. Together, these suggest a blunting effect of alcohol on the circadian amplitude of the temperature rhythm, perhaps parallel to the effects on melatonin discussed above. However, it has been suggested that the acute hypothermia is due to an alcohol-induced dysregulation of the thermoregulatory system, rather than having a chronobiological basis. 48 Other questions remain about the importance of the size and timing of dose, as well individual differences in susceptibility to any suppressive or phase-shifting effects. As suggested by Rupp and colleagues, 31 repeated heavy drinking that continues into the night Assessed night/day ratio of melatonin secretion by collecting urine samples from 2000e0800 (night) and 0800e2000 (day) and comparing the urinary 6-SM levels.
In contrast with chronic use condition in same patients, nighttime urinary melatonin levels were higher than daytime levels in patients, similar to that of controls.
All times provided in military time (e.g., 1900 ¼ 7 PM). ACTH ¼ adrenocorticotropic hormone; CBT ¼ core body temperature; DLMO ¼ Dim light melatonin onset; IL-2 ¼ interleukin-2; 6-SM ¼ 6-sulfatoxymelatonin.
might lead to greater circadian (and sleep) effects; including perhaps, larger suppressions exacerbating the phase delays associated with weekends. Such delays could plausibly contribute to cycles of polysubstance abuse as individuals attempt to cope with morning fatigue and sleep-onset insomnia via stimulants and depressants, respectively. Future studies should employ larger doses, include prospective measures of sleep continuity and structure, and assess beyond the first night post-intake. Such studies will be required to determine whether circadian changes associated with chronic use and discontinuation of use, as described below, are due to dysfunction in the circadian system per se, or to changes in lifestyle sleep schedule habits.
Does chronic substance use impact circadian rhythms? (Table 2) Although a number of previous reviews have stated that chronic substance use is accompanied by circadian disturbance, empirical evidence of effects on human circadian rhythms other than the sleep/wake cycle is sparse. The limited available evidence suggests that circadian disruption is present in some portion of chronic users that parallels, and is perhaps contributing to, any present sleep disturbance.
Some studies and anecdotal reports have described an "inversion" of the melatonin rhythm during chronic alcohol use in some alcoholdependent patients, 49e51 referring to a reversed secretion pattern in which daytime melatonin levels are higher than nighttime levels. In the most recent study, 49 melatonin secretion was inferred via urinary 6-sulfatoxymelatonin (6-SM) levels, sampled from 08:00e20:00 (daytime) and 20:00e08:00 (nighttime) ( Table 2 ). The assumption of the ratio measure was that daytime melatonin levels should normally be lower than nighttime levels, resulting in a ratio of night/day 6-SM > 1. In this small pilot study, seven of 12 patients were selected for having an "inversion" of melatonin secretion (ratio < 1) during chronic alcohol use at baseline (the authors do not report the number of patients screened in order to obtain the study sample, so the prevalence of this abnormality remains unknown). Ratios ranged from 0.29 to 0.96; at the most extreme, the ratios indicate that more than 75% of the melatonin secretion occurred during the daytime sampling period. The ratios were unrelated to duration of dependence or daily alcohol intake, but were significantly correlated to the ages at which consumption and dependence began. Although these studies did not report any sleep parameters, the overall findings suggest that elevated daytime levels of melatonin could indicate misaligned circadian timing that would interfere with attempts to sleep at conventional times. However, interpretation of these studies is challenged by methodology that precludes more precise description of the melatonin profile, including the presence of advanced or delayed phase that could account for this apparent "inversion". Nevertheless, the association between the extent of inversion and the ages at which consumption and dependence began suggest that the disturbed timing is either a consequence of long-time alcohol abuse, or may be an important individual difference predicting vulnerability to alcohol abuse.
In accordance with this possibility, a study in adolescents suggests a role for circadian misalignment in the pathophysiology of ongoing substance abuse. Hasler and colleagues 52 examined a sample of 21 adolescents who had recently completed substance abuse treatment programs and continued to report sleep disturbance. Given this post-treatment timing of assessment, substance use was greatly curtailed, but not eliminated, in the sample. Nonetheless, the adolescents still showed a positive association between their circadian phase (as measured by DLMO), and the degree of substance use; that is, more delayed DLMOs were associated with higher scores on a self-report measure of illicit drug and alcohol use over the past 30 days (r ¼ 0.44, p < 0.05). Notably, the alignment between the adolescents' self-selected sleepewake schedule and their endogenous circadian phase seemed to be even more critically linked to the level of substance use (r ¼ 0.62, p < 0.01); more delayed DLMOs relative to actigraphy-based wake time were associated with greater frequency and intensity of use. Interestingly, although DLMO was associated with sleep-onset difficulties (later DLMOs were associated with longer sleep latencies), the DLMO-wake time phase angle was unrelated to measures of sleep continuity, suggesting some other mechanism beyond sleep disturbance is responsible for the elevated substance use. While preliminary, this finding underscores the importance of considering the potential consequences of a mismatch between endogenous circadian timing and the sleepewake schedules that are often imposed by sociocultural factors such as school or work. Of course, it is also plausible that the substance abuse and associated lifestyle may have contributed to the delayed circadian timing. Prospective follow-up studies are needed to address questions of directionality. To the best of our knowledge, there are no experimental human studies that clearly address pre-withdrawal effects of chronic substance use on circadian rhythms, or whether circadian factors maintain substance use. Experimental studies in the animal literature provide strong evidence that chronic alcohol use disrupts circadian timing and impairs circadian clock resetting, although the ramifications for entrainment remain unclear. 53À56 At least in the case of alcohol, these consequences appear to be due to direct effects on the central clock. 44, 53, 54 The studies indicate that chronic alcohol's effects on circadian timing are dose-dependent, suggesting that the mixed results in the human literature may be partly explained by between-study variability in alcohol dosage. A recent study by Brager and colleagues 53 provides the most conclusive demonstration of chronic alcohol consumption leading to circadian disturbance via effects on the SCN. Alcohol was provided to freely-behaving mice in their drinking water at 10 or 15% concentrations. Based on the 24-h ethanol levels within the SCN and periphery, peak consumption and peak alcohol levels both occurred during the dark phase, particularly during times overlapping with the phase-delay portion of the light phase-response curve. Notably, the locomotor activity patterns of alcoholconsuming mice showed smaller phase delays in response to a light pulse administered within this phase delay, suggesting that the elevated alcohol levels during this time were directly inhibiting the phase-resetting effects of light at the level of the SCN. Despite these apparent impairments in the phase-resetting mechanisms, however, the alcohol-consuming animals showed no differences in re-entraining to a 6-h phase advance of the light/dark cycle, mirroring the lack of direct attenuation of phase advances in response to a light pulse. The authors suggest that lower SCN levels of alcohol during the advance portion of the phase-response curve, or an acute tolerance to the effects of alcohol on phase-resetting (as demonstrated in vitro, 44 ), could be responsible. Interestingly, there were subtle effects on stable entrainmentdthe alcohol-consuming animals showed a less robust increase in activity at the start of their biological day, somewhat consistent with a lengthening in the phase angle of entrainment. These effects of chronic alcohol use on phase-resetting are mostly consistent with previous animal studies, although there are apparent species differences; hamsters show attenuated phase advances, not delays. 54e56 None of these studies have investigated physiological markers such as melatonin or CBT, limiting comparison to the human literature. Furthermore, the model of chronic alcohol use in animals is generally approximately two weeks of forced or voluntary consumption, limiting our understanding of how long-term alcohol use (more representative of typical alcohol dependence in humans) is related to circadian disruption. Finally, with particular relevance to the focus of the current review, none of these studies assessed sleep.
Circadian disturbance during discontinuation of and subsequent abstinence from substance use (Table 3) Attempts to characterize circadian disturbance following discontinuation of substance use have produced mixed results. Given that other withdrawal symptoms tend to improve as the duration of abstinence increases, the mixed findings may be due to between-study differences in the timing of assessment. Only one study began assessment prior to acute discontinuation, thus precluding differentiation between the effects of chronic abuse and those directly attributable to withdrawal. On the plus side, several studies reported on concomitant sleep disturbance. Finally, nearly all of the studies looked at alcohol.
The most common reported circadian disturbance in these studies is an apparent phase shift in the melatonin rhythm. A study of 11 alcohol-dependent adults at two weeks into withdrawal reported apparent phase differences in their melatonin profiles relative to 10 healthy controls. 57 Although the study's blood sampling began too late in order to assess DLMO, the alcoholdependent group was characterized by lower melatonin levels during the early part of the night and a 90-min delay in the time of peak secretion, both consistent with delays in the overall melatonin profile. Cortisol was also assessed in the study, and relative to controls, patients had lower cortisol levels during the early part of the night and higher levels during the later part of the night e also consistent with a general delay in circadian timing. Notably, the patients reported a longer sleep latency, which was correlated with the time-to-peak melatonin secretion, suggesting that delayed circadian phase may account in part for the patients' sleep-onset insomnia. In contrast, a more recent study comparing 22 alcoholdependent adults to 14 healthy controls also reported worse sleep among the drinkers, but no group differences in any parameters of the circadian profile (e.g., volume, time of DLMO, peak secretion, and time of peak secretion). 58 However, duration of abstinence in the alcohol-dependent groupd3e12 weeksdwas both longer and more variable than in the previous study. Given evidence (see below) suggesting that circadian disturbance normalizes with extended abstinence, the patients may have experienced greater "normalizing" of their circadian rhythm, and/or the variability in duration of abstinence may have obscured within-group differences in melatonin profiles. Several studies suggest that abnormalities in the melatonin profile of abstinent alcohol-dependent individuals resolve over time. The aforementioned study of "inverted" melatonin profiles (higher daytime than nighttime levels) in seven alcohol-dependent patients also reported that this inversion was present in only five out of the seven patients at day 1 of abstinence, and it was present in three out of the seven patients at day 15. 49 This timeline of normalization is consistent with two earlier studies reporting that melatonin abnormalities present during chronic use (inverted profile) or acute withdrawal (loss of rhythmicity) were absent by day 14. 51, 59 The patients in one of these studies were also depressed, raising a confound for interpretation given that affective disturbance is linked to both sleep and circadian abnormalities. 60, 61 Unfortunately, only a minority of published studies on alcoholdependent individuals report on the extent of concomitant affective disturbance. 40, 51, 57 Only one published study has examined circadian functioning following discontinuation of a substance of abuse other than alcohol. This study also found evidence of initial circadian disruption followed by some improvement during continued abstinence. A sample of 16 adult male heroin-dependent individuals were compared to eight age-matched healthy male volunteers at three times post-cessation: 35e72 h (day 3), day 10, and day 30. 62 Relative to the healthy controls, the patients showed disruptions in the rhythms of circadian gene expression (PER1 and PER2, as measured in peripheral blood mononuclear cells (PMBCs)), cortisol, and several peptides that largely persisted through day 30. Specifically, PER1 and PER2, as well as adrenocorticotropic hormone (ACTH), b-endorphin, and interleukin-2 (IL-2) all showed significant daily rhythms in the healthy controls but not in the patients at any point. The cortisol rhythm was also disrupted in the patients at day 3, but was restored by day 10, and cortisol levels were higher in the patients throughout the study, although they declined over time. The PER1 and PER2 results are of particular interest, given that these genes have been implicated in reward processing (as discussed below), suggesting that the continued disruption of their rhythmic expression may contribute to craving during withdrawal. The same authors ran a parallel study of morphine withdrawal in rats, and similarly found that a loss of rhythmicity in the expression of the rat gene homologs (Per1 and Per2), both in the hypothalamus and in PMBCs, accompanied other signs of withdrawal. The rest of the animal literature is consistent with the human studies, showing continued circadian disturbance during acute discontinuation of chronic alcohol use, with improvements in circadian functioning as abstinence continues. The aforementioned study by Brager and colleagues 53 found similar attenuation of photic phase-resetting during chronic use and w1 day withdrawal, suggesting that circadian abnormalities during acute discontinuation may simply reflect pre-withdrawal disturbance rather than any new exacerbation. A previous study in hamsters followed discontinuation through day 3, and found an actual enhancement in light-induced phase advances relative to controls on days 2 and 3 (but not on day 1). 54 The authors suggested that this rebound in circadian functioning may be due to the disinhibition of glutamatergic signaling following alcohol discontinuation. Taken together, despite their limitations, these findings provide a potential context for the variability of findings. Circadian disturbance may be most severe immediately post-cessation, and less apparent several more weeks out, highlighting the first few weeks as a key time for intervention via chronobiologically-informed treatment. However, it is unclear if sleep disturbance follows the same trajectory (which would suggest shared mechanisms), or to what extent methodological factors (e.g., imposing a stable sleep/ wake schedule) obscure the findings.
Circadian disturbance and relapse for substance use and abuse
Other than previously-noted evidence that sleep disturbance is a risk factor for relapse to alcohol abuse, no direct human evidence links chronic circadian disturbance to changes in substance use, let alone substance abuse relapse. However, such a pathway is plausible based on the persistence of circadian and sleep disturbances for weeks into abstinence, and reports from alcoholics that coping with sleep disturbance is a significant motivation for heavy drinking. 19 Furthermore, limited cross-sectional data suggest that chronic exposure to circadian challenges is linked to increased alcohol use. This is found in studies of nurses on rotating or night shifts 63 and travelers subjected to frequent jet lag. 64 The nurses working night shifts also reported more smoking. However, neither of these studies directly assessed the extent of circadian disturbance, nor correlated it with the drinking behavior, and neither study addresses relapse in previously substance-dependent individuals. In addition, neither study linked these outcomes to any measures of sleep disruption.
The animal literature offers mixed findings regarding the effects of shift work and jet-lag-like circadian challenges on substance use. One study reported that a single 8-h light/dark phase advance or delay resulted in a transient increase in alcohol consumption (3 or 1 days, respectively), while a more chronic circadian challengedrepeated phase shifts over 28 daysdresulted in sustained increases in consumption. 65 In contrast, two recent studies reported that alcohol consumption declines during periods of persistent circadian challenge. 66, 67 The studies examined the effect of repeated 6-h phase advances of the light/dark cycle on three rat strains with different genetic backgrounds associated with a range of innate preference for alcohol (although none were alcohol-avoiding). Interestingly, despite between-strain differences in speed of re-entrainment to the shifting light/dark schedules, the researchers found either no difference or reductions in alcohol consumption relative to controls across all three strains. If circadian disruption is conceptualized as a non-specific stressor, this is consistent with other evidence that stress can lead to increased or decreased voluntary alcohol consumption depending on the circumstances. 68 None of these studies addressed the question of whether prior substance dependence moderates the effect of circadian disruption on substance use. Determining whether circadian disturbance leads to increased substance use, accelerates the onset of substance dependence, or leads to increased risk of relapse during initial discontinuation or subsequent abstinence, are critically important questions deserving further study. Prospective observational and experimental research in this area could potentially elucidate some of the mechanisms linking circadian and sleep disturbance with substance abuse, and would also inform both prevention and intervention efforts. Actigraphy could have a role in expanding substance abuse research to measure both sleep and circadian rhythms as it is a convenient and minimally invasive method of measuring circadian functioning. 69 Circadian-based treatment during substance discontinuation Although several studies have examined the effect of treating sleep disturbance in withdrawing or abstinent substance users (as reviewed in 1 ), none of the studies assessed circadian parameters.
Because most behavioral sleep treatments aim to improve the regularity of the sleep/wake schedule, it is likely that circadian functioning may be impacted over the course of treatment. The effects of sleep (or circadian-focused) treatment on relapse is a key area for further inquiry which could lead to supplementing current substance abuse treatments with focused sleep and circadian interventions.
A single open trial suggests that the use of bright-light therapy may simultaneously impact circadian functioning and improve sleep in alcoholics during withdrawal. 70, 71 In this study of 10 alcohol-dependent adults, bright-light treatment on day 3 of withdrawal was associated with both a reduction (compared to day 2) in serum melatonin levels and improvement in PSG-assessed sleep, as measured by reductions in sleep latency, more rapid onset of SWS, increase in REM sleep, and increase in subjective sleep quality. Blood samples were collected hourly from 20:00 h to 08:00 h on days 2, 3, and 4 post-withdrawal. The study is limited by the lack of a control intervention and the lack of a pre-withdrawal control group. These two limitations are problematic given the well-documented large inter-individual variability present in the melatonin levels of healthy individuals. Furthermore, the brightlight treatment (4500 lux) was administered during both the morning (07:00 he09:00 h) and evening (17:00 he21:00 h), a combination which may "cancel out" any phase-shifting effects, and the study did not report sleep timing or circadian phase measures to assess such effects. The treatment periods also overlapped with the sampling period and thus likely directly contributed to suppressing the melatonin levels. Finally, the authors did not report whether light levels (other than the bright-light treatment) were controlled during the study, raising the possibility of uncontrolled light suppression effects.
Another study compared melatonin to placebo for treating benzodiazepine withdrawal-associated sleep disturbances in adult patients undergoing methadone maintenance treatment who had been abusing benzodiazepines. 72 Under double-blind conditions, the melatonin treatment (5 mg at approximately 20:00 he21:00 h, (E. Peles, personal communication, June 10, 2010)) was associated with improved self-reported sleep quality and a longer time to relapse to benzodiazepine use. This may indicate that the melatonin was stabilizing disrupted circadian rhythms in the patients, and that by doing so, reduced the vulnerability to relapse. However, the lack of circadian assessment precludes any firm conclusions.
Circadian genes, reward, and substance abuse
In addition to the role circadian rhythms may play in the pathway linking sleep disturbance and substance abuse, the circadian system may be directly linked to addictive processes. Over the past decade, the concept of a supreme central clock in the SCN as the solitary source of rhythmicity has been supplanted by a model wherein an orchestra of peripheral clocks throughout the tissues of the body and brain are all inherently rhythmic, but require signals from the SCN in order to remain appropriately synchronized. 73 This paradigm shift has come with the identification of the molecular machinery underlying rhythmicity in both the SCN and peripheral clocks, which is comprised of a negative-positive autofeedback loop of transcription and translation. 73 The continued characterization of the circadian genes responsible for these rhythms has led to accumulating evidence that the bidirectional links between circadian processes and substance abuse are partly mediated at the cellular and genetic level. 74 Most intriguingly, as reviewed below, circadian genes are active in brain areas within the mesolimbic reward circuit and have been directly linked to drug abuse-related behaviors.
Animal studies indicate that a range of drugs of abuse can serve as zeitgebers for these peripheral clocks in non-SCN brain areas. This is evidenced by the robust entrainment of locomotor activity rhythms to the timing of drug or alcohol administration. 75 For example, methamphetamine administration desynchronizes the locomotor rhythm from the light/dark cycle, leading to a pseudofree-running rhythm with a period of >24 h. 76 This is not a true free-run, because the rhythm shows signs of relative coordination, which is assumed to be due to the influence of the SCN. While influenced by the SCN, this methamphetamine-induced rhythm is also expressed in drinking, feeding, body temperature, and plasma corticosterone in SCN-lesioned rats, and can persist for up to 14 cycles post-withdrawal, indicating that it is a true oscillatory process being generated outside the SCN. Recent evidence suggests that it may not depend on the same molecular machinery, as even mice made arrhythmic by mutations in the involved circadian genes have their rhythms restored by methamphetamine administration. 77 On the other hand, the influence of the methamphetamine-induced rhythm on the SCN is less clear. No direct effects of the methamphetamine oscillator on the SCN are evident, but one study showed that methamphetamine-treated rats with access to a running wheel did show an altered SCN period. 76 Given that wheel-running is inherently rewarding to rodents, 78 this may indicate a pathway via the reward system to influence circadian functioning.
Assuming these SCN-independent pacemakers behave similarly in humans, these findings have intriguing implications for understanding the consequences of substance abuse on sleep. For example, the possibility for entrainment of these peripheral clocks to a different phase than that of the central pacemaker implies that the timing of these drug-induced activity rhythms could conflict with the timing of the sleep/wake cycle, leading to difficulty in falling asleep or maintaining sleep.
Furthermore, evidence suggests that reward-related behaviors follow circadian rhythms that could potentially be dissociated from the timing of the central pacemaker and/or sleep/wake cycle. In rats, alcohol consumption parallels the circadian pattern of wheelrunning, which is also an innately rewarding activity as mentioned above, thus suggesting a common source of rhythmicity. 67 Indeed, both drug-seeking behavior and responsiveness to drugs of abuse show diurnal variation, implying circadian rhythmicity in appetitive motivation and response to reward. 79, 80 This rhythmicity is paralleled by the expression of the dopamine transporter and tyrosine hydroxylase (the rate-limiting enzyme in dopamine synthesis), as well as in the expression of several circadian genes in multiple reward-related brain areas associated with the mesolimbic dopamine system, such as the striatum and ventral tegmental area. 80, 81 Some of these rhythms may be regulated by the SCN, as lesioning the SCN leads to a dampening of the diurnal variation in the dopamine transporter and tyrosine hydroxylase expression. 81 Another series of studies demonstrated that melatonin is not only required for mouse Per1 rhythmicity in the striatum, but for concomitant diurnal rhythms in locomotor and reward measures of cocaine sensitization. 82e84 Other evidence suggests that these rhythms can be hijacked away from SCN control, as methamphetamine administration shifts the expression of mouse Per1 and Per2 genes in the striatum but not the SCN, 85 paralleling the aforementioned methamphetamine shifts in activity rhythms. This again suggests that the timing of drug-related behaviors could fall into conflict with the timing of other SCN-regulated processes, including the sleep/wake cycle. Transgenic mouse models support a role for the circadian genes in these reward-related brain areas in the regulation of appetitive behavior, although it is not yet clear from these studies if the genes are serving a circadian or pleiotropic role. For example, mice with a mutation of the Clock gene show an increased sensitization to cocaine paralleled by increased dopaminergic activity in the ventral tegmental area. 86 Other mouse studies have demonstrated that the lack of a functional Per1 gene is associated with hyposensitivity to cocaine reward, while, conversely, lacking a functional Per2 gene is associated with hypersensitivity to cocaine exposure. 87 This apparent role of Period2 in the reward value of substances of abuse may extend to humans, as preliminary evidence suggests that the human PER2 gene is not directly involved in alcohol dependence, 88 but may have a role in the regulation of alcohol consumption as based on studies in adult inpatient 47 and adolescent 89 samples. Interestingly, PER1 (protein) levels are higher and PER2 levels are lower for at least 30 days into withdrawal from heroin. 62 Based on the previous studies, this pattern would be consistent with hyper-responsivity to reward, and thus may be contributing to craving during heroin withdrawal. Others have argued that a hyper-responsivity to the reward value of the drug during withdrawal is the primary contributor to relapse. 90 In contrast to the alcohol and heroin findings, another human study found no relationship between polymorphisms in PER1 or PER2 and cocaine dependence. 91 In general, further research is needed to disentangle potentially distinct interactions between the circadian system and different substance classes, particularly with regard to sedating substances, such as alcohol and marijuana, versus stimulants.
Appetitive processes may be subject to circadian regulation in humans as well. Across healthy and mood-disordered samples, subjective mood is partly a product of circadian phase and duration of wakefulness, and circadian modulation may be specific to positive affect. 15, 92, 93 Demonstrating endogenous circadian modulation requires specialized chronobiological protocols designed to control for environmental contributors to diurnal patterning (constant routine) or to parse out the effects of circadian timing versus homeostatic sleep drive (forced desynchrony, see Glossary). A recent forced desynchrony study reported that both subjective (positive affect) and a psychophysiological measure of reward motivation are influenced by both circadian and homeostatic processes. 15 Positive affect and reward motivation decline with time spent awake but recover during sleep; based on the circadian component, positive affect and reward motivation are at their lowest in the early morning and highest during the evening. Notably, this temporal pattern parallels that of alcohol consumption among the general U.S. population, which troughs in the early morning and peaks in the early evening. 94 As with the regulation of sleep propensity, proper alignment of the circadian and homeostatic components results in stable levels of appetitive motivation throughout the 24-h light/dark cycle, albeit with apparently relative lower levels during the dark phase. 14, 15 These findings are highly relevant to addiction, as they suggest that misalignment of sleep/wake timing with that of the central pacemaker might result in unstable or more variable appetitive motivation. For example, such misalignment could lead to windows of hypersensitivity or hyposensitivity to reward that increases vulnerability to substance abuse, particularly at the beginning and end of the day. These changes are likely to interact with other relevant processes, such as the effect of decreasing blood concentration of the relevant substance following use, social influences (including sociocultural rhythms), and other affective processes (e.g., negative emotionality such as fear and anxiety). Thus, both circadian misalignment and decreasing overnight blood alcohol levels may independently contribute to the shift in peak craving to the morning hours that is reported for the majority of alcohol-dependent adults. 95 Lastly, proper alignment of sleep with the central clock also consolidates cognitive performance so that performance is better during the biological day and worse during the biological night.
14 Some of these aspects of cognitive performance shown to be influenced by both circadian and homeostatic processes, such as attention and executive control, have also been implicated in emotion regulation and impulse control. 96, 97 Thus, this provides another overlapping pathway by which circadian and sleep disturbance are linked to substance abuse. In summary, this emerging literature linking the circadian system to appetitive motivation, as well as behavioral indicators and the neural circuitry of reward, offers the potential for specific mechanistic hypotheses about how drug abuse and circadian misalignment might fall into a vicious cycle.
Integrations and hypothetical mechanisms
Although many gaps remain, current human and animal evidence collectively points to substantial, and perhaps bidirectional, interactions between the circadian system and substance abuse. Less evidence directly speaks to substance dependence or addiction per se, with relatively greater support for effects on substance intake and craving. Likewise, too few of the reviewed studies simultaneously addressed sleep disturbance as an outcome or mediator of the observed associations. However, given the wellestablished circadian regulation of sleep/wake timing, as well as circadian influences on sleep structure and continuity, it is plausible that sleep disturbance will often accompany any substance use-associated circadian disruption. Likewise, the sleep disturbance associated with acute use, chronic use, and discontinuation of use, may lead to circadian changes as well, thus compounding the negative effects. For example, the increases in sleep latency associated with chronic use and withdrawal may encourage later bedtimes, thus exposing the individual to more light before bed and thus shifting his or her circadian timing later, further exacerbating the sleep-onset difficulties.
In part because of the current gaps in the evidence base, particularly the lack of studies addressing chronic use, any integration of the above findings into mechanistic models must remain speculative. A number of intriguing and non-mutually exclusive pathways come to mind. Substance abuse has apparent direct consequences on sleep and circadian rhythms, and may also impact them indirectly via associated affective disturbance and stress. Addiction, regardless of the specific substance, has negative emotional consequences that serve to maintain the addiction 7 and these consequences may also serve to disrupt sleep and circadian rhythms directly or via behavorial changes that influence the timing of photic and/or non-photic zeitgebers. Bidirectional effects are plausible, thus risking a vicious cycle. Perhaps the most simple circadian-addiction model, as suggested by others in the context of alcohol, is that circadian (and sleep) disturbance acts as a nonspecific chronic stressor leading to a vulnerability for excessive substance use. 98 More specifically, circadian (and sleep disturbance) may increase substance use due to attempts to cope with the accompanying increased sleepiness and decreased alertness. For example, users may employ stimulants earlier in the day to stay awake, and rely on depressants at night to help fall asleep. Persistent usage of these substances could lead to tolerance and eventually dependence, as well as to continued sleep and circadian disturbance. Taking a more explicitly circadian perspective, the impact of substance use on circadian phase-resetting could lead to a misalignment between the central clock and the light/dark cycle or sleep/wake cycle. The consistent association between substance abuse and eveningness preference, which is associated with chronic misalignment and irregular sleep schedules due to societal school and work demands that are more geared to morning-types, adds credence to this model. Such misalignment could thus lead to sleep disruption calling for compensatory drug use. Misalignment could also impact any or all of a range of systems ostensibly under circadian regulation, thus leading to impaired cognitive control, a dysregulated reward system, and increased drug seeking. Fig. 1 shows a conceptual model of how substance abuse may be both a cause and consequence of circadian misalignment, operating via pathways including sleep disruption, direct circadian effects, and reward processing (which includes both cognitive and motivational components). This model is informed by evidence that sleep, reward motivation, and cognition are all modulated by interacting circadian and homeostatic processes, as consistent with the two-process model of sleep regulation. 12, 14, 15 Thus, in the case of reward processing, a misalignment between circadian and homeostatic processes could lead to windows of hypersensitivity and/or hyposensitivity to reward that increases vulnerability to substance abuse and/or dependence (windows that are likely to occur at beginning and end of day). Taking a developmental perspective, this model may have particular relevance during adolescence, a qualitatively distinct period with regard to substance use and other risk-taking behavior, reward processing, and emotion regulation. 99 Notably, this period is also marked by changes in sleep and circadian timing, in which sleep times and circadian phase are trending later while school start times are moving earlier. 100 The resulting misalignment and instability may impair reward processing and emotion regulation, perhaps in part due to effects on executive control, increasing the risk for early onset of substance use, and eventual abuse and/or dependence. The onset of substance use during adolescence may in turn exacerbate these changes in sleep, circadian, reward, and emotion regulation. The limited relevant circadian research in adolescent samples precludes any conclusions regarding the validity of this model. This is a critical area of the literature to strengthen, given that a better understanding of these mechanisms during adolescence could lead to prevention efforts to decrease substance use during a particularly vulnerable time, and thus shift the trajectory away from the eventual development of substance abuse and/or dependence. Evidence that drugs themselves can become zeitgebers for the central clock or SCN-independent pacemakers add another level of complexity to the potential pathways. A disturbed, and thus weakened, circadian system may increase susceptibility to drugs of abuse becoming zeitgebers that entrain activity (and thus sleep) to a time at odds with the preferred sleep and work (or school) schedules. The identification of an SCN-independent methamphetamine-induced pacemaker raises another intriguing possibility. Methamphetamine use could lead to a conflict between the methamphetamine-specific pacemaker and the central pacemaker in the SCN, resulting in a conflict between both the external behaviors and internal processes respectively regulated by these two pacemakers. In addition to sleep disturbance, such desynchrony may also contribute to other pathophysiological effects observed with substance abuse.
Conclusion
A substantial literature now links perturbations in the circadian system with the processes of addiction. Although gaps remain, evidence suggests that circadian mechanisms may partially account for the well-documented association between sleep disturbance and substance abuse. Furthermore, exciting new research concerning circadian regulation of the reward system suggests a direct link between circadian disturbance and substance abuse behaviors. Further work in each of these areas is critical for the enhancement of current substance abuse prevention and intervention methods, as well as the development of new approaches. The range of existing non-pharmacological sleep (e.g., stimulus control and sleep restriction) and circadian-based interventions (e.g., light therapy) may prove particularly useful in patients exhibiting problematic substance use. 
Research agenda
Further research in this area should focus on: 1) Prospective or longitudinal human studies that assess both sleep and circadian rhythms during acute and chronic substance use, as well as after discontinuation of use, and including chronobiological paradigms such as constant routine and forced desynchrony to separate circadian effects from those of sleep and the environment. 2) Developmental factors in circadian-substance abuse interactions, particularly whether circadian changes during adolescence contribute to increased risk for substance abuse.
3) The use of comparison samples with well-characterized substance use patterns. 4) Dose-dependent effects of acute alcohol administration, and more studies on the acute effects of other substances of abuse. 5) Evaluating whether sleep and circadian disturbance during withdrawal contributes to the risk of relapse, particularly in substances other than alcohol. 6) Probing whether sleep and circadian-focused interventions during chronic use or withdrawal lead to better addiction-relevant outcomes. 7) Differentiating the effects of substance abuse from concomitant affective disturbance on sleep and circadian rhythms. 8) Investigating genetic, behavioral, psychological, and neural-based individual differences in associations between substance abuse and sleep and/or circadian disturbance. 9) Mechanistic research to determine the biobehavioral pathways by which sleep and circadian disruption lead to increased substance use, and vice versa. 10) Circadian regulation of reward processing in humans, particularly with regard to its neurobehavioral underpinnings, and dysregulation in these pathways may contribute to increased substance abuse.
Practice points
1) Assessment of substance use should be routine in all sleep-disturbed patients. 2) In the assessment and treatment of substance use disorders, consideration of sleep (and perhaps circadian factors) may improve outcomes. 3) When physiological measures of circadian functioning are not feasible, use of actigraphy may be useful for assessing both sleep and circadian disturbance in clinics. 4) Disturbance in sleep and circadian rhythms may be at their worst during early withdrawal, highlighting the need for appropriate non-pharmacological intervention during this time. 5) Further research is needed on the effects associated with different substances of abuse. Alcohol, opiates, and stimulants have all been linked to circadian disturbance. 6) The timing of acute alcohol consumption is instrumental in determining the circadian outcome.
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